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ABSTRACT

The agorithm described in this document provides a correction of top of atmosphere (TOA)
radiances for the Visible/Infrared Imager/Radiometer Suite (VIIRS) sensor by removing
atmospheric effects to retrieve surface reflectance in ten VIIRS bands. These bands are centered
at 0.412 pm, 0.445 pm, 0.488 pm, 0.555 um, 0.645 pm, 0.865 pum, 1.24 pm, 1.61 pm (two
different resolutions), and 2.25 um. The agorithm corrects for the effects of gaseous, molecular,
and aerosol scattering and absorption, as well as the coupling of the atmosphere and the surface
bidirectional reflectance, using alookup table (LUT) based upon a radiative transfer model (6S).
The correction uses aerosol information from VIIRS aerosol Environmental Data Records
(EDRs), complemented by water vapor from VIIRS, National Center for Environmental
Prediction (NCEP) feeds, or the Conical-scanning Microwave Imager/Sounder (CMIS); surface
pressure from NCEP; and column ozone from the Ozone Mapping Profiling Suite (OMPS). The
correction also uses a surface Bidirectional Reflectance Distribution Function (BRDF)/albedo
model for coupling the atmosphere and surface anisotropic effect. It is applied to noncloudy
pixelsonly.

This document presents the theoretical basis of the surface reflectance algorithm, adopted from
the Moderate Resolution Imaging Spectroradiometer (MODIS) algorithm theoretical basis
(Vermote, 1999). The quality of this product depends directly on the quality of the atmospheric
correction algorithm, the accuracy of the atmospheric inputs, and the magnitude of the true
surface reflectance. This document also addresses uncertainties due to errors in the agorithm,
atmospheric inputs, and the surface BRDF effect. The sensitivity studies show that the major
error source in the surface reflectance retrieval is that associated with the retrieval of aerosol
optical thickness.

Raytheon SBRS Document # Y2411 ix
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1.0 INTRODUCTION
1.1 PURPOSE

This Algorithm Theoretical Basis Document (ATBD) describes the agorithms used to retrieve
the Surface Reflectance Intermediate Product (IP) from Visible/Infrared |mager/Radiometer
Suite (VIIRS) measurements. It identifies the sources of input data, both VIIRS and non-VIIRS,
that are required for surface reflectance retrievals. It provides the physical theory and
mathematical background underlying their use in the retrievals, and it includes implementation
details. The VIIRS Science Data System Team is using information continued in this document
to establish the requirements and functionality of the data processing software.

1.2 SCOPE

This document covers the algorithm theoretical basis for the surface reflectances that will be
routinely retrieved from VIIRS measurements. Other post-launch products are not discussed.

Section 1 of this ATBD describes the purpose and scope of the document. Section 2 provides an
overview of the experiment. The processing concept and algorithm description are presented in
Section 3. Section 4 summarizes assumptions and limitations, and references for publications
cited in the text are provided in Section 5.

1.3 VIIRS DOCUMENTS

Referencesto VIIRS documents will be indicated by numbersin italicized brackets, e.g., [V-1].
[V-1] (40.3.1.1) Aerosol Optical Thickness

[V-2] (40.6.2) Normalized Difference Vegetation Index

[V-3] (40.6.4) Surface Type EDR

[V-4] Cloud Mask

1.4 REVISION

Thisisthe third version of this document, dated May 2000. The second version of this document
was dated June 1999. The first version was was dated October 6, 1998.

Raytheon SBRS Document #: Y2411 1
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2.0 EXPERIMENT OVERVIEW
2.1 OBJECTIVES OF SURFACE REFLECTANCE RETRIEVALS

A number of VIIRS land products require surface reflectance as input. These include the top-of-
canopy (TOC) Enhanced Vegetation Index (EVI) and Normalized Difference Vegetation Index
(NDV1), Surface Type, and Snow Cover/Depth. The signal at the top of the atmosphere in a
given VIIRS spectral band will contain information about both the surface and the atmosphere;
the latter information must be removed to facilitate successful retrievals of the products listed
above. Further, the products listed above feed into one another and into other VIIRS products,
including Leaf Area Index (LAI), Active Fires, and Soil Moisture. It therefore becomes vital to
derive an intermediate product (1P) for VIIRS that contains directional surface reflectancesin all
the relevant bands. In recognition of this, Raytheon adopted the MODIS surface reflectance
algorithm as the baseline VIIRS approach. The latest version of the VIIRS SRD explicitly
requires directional surface reflectances as part of the derivation of albedo, however the Surface
Reflectance IP will remain a distinct product within the VIIRS processing architecture, and the
ATBD will be kept separate. The V3 agorithm for Surface Albedo uses TOA reflectances
instead of surface reflectances. TOA reflectances are described in the RDR-to-SDR ATBD.

The radiative transfer in the atmosphere and between the atmosphere and land surface can be
expressed by a single RT model with specific lower boundary condition. However, solving this
RT equation is complicated, requiring many approximations and a large number of calculations.
Typicaly, analytical approximation methods in the atmospheric correction algorithm are used to
decouple the scattering between land surface and atmosphere. The Second Simulation of the
Satellite Signal in the Solar Spectrum (6S) developed at the Laboratoire d Optique
Atmospherique of Lille, France (Vermote et al., 1995, 1997) is used in the Moderate Resolution
Imaging Spectroradiometer (MODIS) atmospheric correction algorithm and other remote sensing
applications.

Our plan for the VIIRS Surface Reflectance IP is to use the MODIS agorithm (Vermote, 1999)
with 6S as a basis. Simulations presented in this document arose from the use of both 6S and
MODTRAN; the model used for each particular sensitivity study will be detailed in the
appropriate section of this document.

Operational implementation of this algorithm requires the use of a look-up table (LUT). The
errors associated with using an LUT will be discussed in Section 3.4.1.

2.2 INSTRUMENT CHARACTERISTICS

The VIIRS instrument will now be briefly described to clarify the context of the descriptions of
the Surface Reflectance IP presented in this document. VIIRS can be pictured as a convergence
of three existing sensors, two of which have seen extensive operational use at this writing.

The Operational Linescan System (OLS) is the operational visible/infrared scanner for the
Department of Defense (DoD). Its unique strengths are controlled growth in spatial resolution
through rotation of the ground instantaneous field of view (GIFOV) and the existence of a low-
level light sensor (LLLS) capable of detecting visible radiation at night. OLS has primarily
served as a data source for manual analysis of imagery. The Advanced Very High Resolution

Raytheon SBRS Document #: Y2411 3
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Radiometer (AVHRR) is the operational visible/infrared sensor flown on the National Oceanic
and Atmospheric Administration (NOAA) Television Infrared Observation Satellite (TIROS-N)
series of satellites (Planet, 1988). Its unique strengths are low operational and production cost
and the presence of five spectral channels that can be used in a wide number of combinations to
produce operational and research products. In December 1999, the National Aeronautics and
Space Administration (NASA) launched the Earth Observing System (EOS) morning satellite,
Terra, which includes the Moderate Resolution Imaging Spectroradiometer (MODIS). This
Sensor possesses an unprecedented array of thirty-two spectral bands at resolutions ranging from
250 m to 1 km at nadir, allowing for unparalleled accuracy in a wide range of satellite-based
environmental measurements.

VIIRS will reside on a platform of the National Polar-orbiting Operational Environmental
Satellite System (NPOESS) series of satellites. It is intended to be the product of a convergence
between DoD, NOAA and NASA in the form of a single visible/infrared sensor capable of
satisfying the needs of all three communities, as well as the research community beyond. As
such, VIIRS will require three key attributes: high spatial resolution with controlled growth off
nadir, minimal production and operational cost, and a large number of spectral bands to satisfy
the requirements for generating accurate operational and scientific products.

Figure Zllustrates the design concept for VIIRS, designed and built by Raytheon Santa Barbara
Remote Sensing (SBRS). At its heart is a rotating telescope scanning mechanism which
minimizes the effects of solar impingement and scattered light. VIIRS is essentialy a
combination of SeaWiFS foreoptics and an all-reflective modification of MODIS/THEMIS aft-
optics. Calibration is performed onboard using a solar diffuser for short wavelengths and a
blackbody source and deep space view for thermal wavelengths. A solar diffuser stability
monitor (SDSM) is aso included to track the performance of the solar diffuser. The nominal
atitude for NPOESS will be 833 km. The VIIRS scan will therefore extend to 56 degrees on
either side of nadir.

The VIIRS SRD places explicit requirements on spatial resolution for the Imagery EDR.
Specificaly, the horizontal spatial resolution (HSR) of bands used to meet threshold Imagery
EDR requirements must be no greater than 400 m at nadir and 800 m at the edge of the scan.
This led to the development of a unique scanning approach which optimizes both spatial
resolution and signal to noise ratio (SNR) across the scan. The concept is summarized in
B for the imagery bands; the nested lower resol ution radiometric bands follow the same paradigm
at exactly twice the size. The VIIRS detectors are rectangular, with the smaller dimension along
the scan. At nadir, three detector footprints are aggregated to form a single VIIRS “pixel.”
Moving along the scan away from nadir, the detector footprints become larger both along track
and along scan, due to geometric effects and the curvature of the Earth. The effects are much
larger along scan. At around 32 degrees in scan angle, the aggregation scheme is changed from
3x1 to 2x1. A similar switch from 2x1 to 1x1 aggregation occurs at 48 degrees. The VIIRS scan
consequently exhibits a pixel growth factor of only 2 both along track and along scan, compared
with a growth factor of 6 along scan which would be realized without the use of the aggregation
scheme. illustrates the benefits of the aggregation scheme for spatia resolution.
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Solar Calibration Port, Door and Screen
(ETM+/MODI S/SeaWiFS/VIRS)

Aft Opti Blackbody (MODISVIRS)

(THEMIS)

Electronics ' Rotating Telescope Scan (SeawiFs)
Modules ’

(ETM+/MODIS, .
SeaWiT:S/VIRS) velocity * Constant-Speed Rotating Telescope
rv » Simple All-Reflective Optics
Nadir * Proven Emissive/Reflective Calibration

Figure 1. Summary of VIIRS design concepts and heritage.

Fine-Resolution Bands

Nadir 1700 km 3000 km
« aggregate 3 samples - aggregate 2 samples * no aggregation
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371 mI 547 m 800 m
I —
1l31 m | 309 m | |
393m I—6 o | 800 m

Figure 2. VIIRS detector footprint aggregation schemefor building " pixels.”
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Scan HSI as a Function of Scan Angle
for Unit Raw GSD at Nadir
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Figure 3. Benefits of VIIRS aggregation schemein reducing pixel growth at edge of scan.

This scanning approach is extremely beneficial for the retrieval of land products such as the
NDVI. The increasing importance of land cover change detection makes high spatial resolution
inthe NDVI or its input reflectances much more important, and SNR becomes a secondary issue
(thislatter point will be verified later in this document).

The VIIRS baseline performance is summarized in[Table 1)and [Table 2|for low and high
radiances, respectively. The high radiance numbers are more relevant to land retrievals. The

positioning of the VIIRS spectral bands is summarized in[Figure 4]through
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Table 1. VIIRS baseline performance and specifications, low radiance range.
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Spectral Band Response, Atmospheric Transmittance, Surface Reflectance, Solar Irradiance,
and Imaginary Part of Refractive Index for Water and Ice, Visible (VIS) and Mear Infrared (NIR)
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Figure4. VIIRS spectral bands, visible and near infrared.
Spectral Band Response, Atmospheric Transmittance, Surface Reflectance, Solar Irradiance,
and Imaginary Part of Refractive Index for Water and Ice, Short Wave Infrared (SWIR)
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Figure5. VIIRS spectral bands, short wave infrared.
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Surface Reflectance

Spectral Band Response, Atmospheric Transmittance, Surface Reflectance, Solar/Emissive Radiance
Fraction for Cloud, and Imaginary Part of Refractive Index for Water and Ice, Mid Wave Infrared (MWIR)
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Figure 6. VIIRS spectral bands, medium wave infrared.
Spectral Band Response, Atmospheric Transmittance, Surface Emissivity, Blackbody Emittance (300 K),
and Imaginary Part of Refractive Index for Water and Ice, Long Wave Infrared {(LWIR)
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Figure 7. VIIRS spectral bands, long wave infrared.
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2.3 RETRIEVAL STRATEGY

Retrievals of the Surface Reflectance IP will be conducted for al clear, land, daytime pixels
within the array of NPOESS/VIIRS swaths. Daytime here is defined by alocal solar zenith angle
of 70 degrees or less, and clear is defined by a specification of “probably clear” or “definitely
clear” by the VIIRS Cloud Mask IP. Land is defined by a land/sea mask, which is part of the
Cloud Mask IP. “Land” in this senseis allowed to include inland water bodies.

Once a pixel has been categorized as clear, land, and daytime, the surface reflectance LUT will
be implemented, using the VIIRS Calibrated Radiances SDR; the VIIRS Aerosol Optica
Thickness EDR (including classification of aerosol type); the VIIRS Precipitable Water EDR;
the VIIRS Surface Typesl] Biomes IP; and column ozone and surface pressure from NCEP
analyses. Aerosol optical thickness and type, column water vapor, column ozone, TOA
radiances, and solar/viewing geometry are inputs to the LUT. Surface pressure and elevation are
required for a Rayleigh scattering correction, and biome type is required for the BRDF coupling
correction.

The Surface Reflectance |P will be generated in nine VIIRS spectral bands, listed in Table 2.

Table 3. Thenine VIIRS spectral bandsin which Surface Reflectance will be computed.

Band Name Center (microns) Width (microns)
Chlor2 412 .020
2 445 018
Chlor8 488 .020
4 555 .020
5i 645 .050
6i 865 .039
Cloud1 1.24 .020
8i 1.61 .060
9 2.25 .050
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3.0 ALGORITHM DESCRIPTION
3.1 PROCESSING OUTLINE

Figure 1 shows the operationa flowchart for the Surface Reflectance IP. After determination of
clear/cloudy, land/ocean, and day/night for a given pixel, the heart of the process is the feeding

of numerous inputs into a single LUT interpolation, resulting in directiona surface reflectances
in nine VIIRS bands.

VIIRS QC Flag
Calibrated TOA
Radiances SDR

Surface Reflectance LUT

6.3
—p | Vegetation

S T_yes
\ LN N \y\ . Index
VIIRS e N N 6.1.2
Cloud Mask | Isit % yes ./ Calculate
P \ \ Clear? 1777
\\ Y /l \\ 65
\\no A -——- - Directional 86i|
Y / Reflectance > Moi
p— L oisture
7 sit VIIRS Aerosol
. S\ Optical Thickness
\ aytime? /, EDR

Surface
Pressure

Total Column
Ozone

2.8
Earth
Gridding

Water EDR

VIIRS Surface
Types- Biomes | P

6.1 - SURFACE REFLECTANCE |IP

Figure 8. Surface Reflectance | P processing ar chitecture.
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3.2 ALGORITHM INPUT
3.2.1 VIIRS Data
The Surface Reflectance | P agorithm employs the following VIIRS data:

» Aerosol Optical Thickness EDR (including aerosol type information)

* Precipitable Water EDR

» Cadlibrated TOA Radiances SDR (including radiances, geometry, geolocation, elevation)
e Cloud Mask IP (including cloud and land/water mask)

» Surface Types[] Biomes P

* Surface Reflectance LUT

3.2.2 Non-VIIRS Data
The Surface Reflectance | P algorithm employs the following non-VIIRS data:

» Surface Pressure from NCEP/NOGAPS analyses
*  Column Ozone from Ozone Mapping Profiling Suite (OMPS)

3.3 THEORETICAL DESCRIPTION—PHYSICS AND MATHEMATICAL BACKGROUND

The atmospheric components affecting the remote sensing signal in the range of 0.4-2.5 um are
shown in Two atmospheric processes need to be removed from the atmospheric
correction algorithm, in order to retrieve the solar radiance reflected by a target: absorption by
gases (when observation bands are overlapping gaseous absorption bands); and scattering by
aerosols and molecules. If the gaseous absorption is decoupled from scattering by assuming the
absorbers are located above the scattering layers, the radiative transfer equation for a Lambertian
homogeneous target of reflectance p, at sea level dtitude viewed by a satellite sensor with
viewing zenith angle g, at certain illumination angle 8, and relative azimuth angle between solar
and viewing geometry ¢ is.

TR+A(IUS)TR+A(IUU )pS] (1)
1= SriaPs

where proa(l, K, @) is the reflectance at the top of the atmosphere; p.., is the intrinsic
atmospheric reflectance (path reflectance), including the Rayleigh and aerosol scattering;
o.M, @) is the surface reflectance; T, () and T, (1) are the total upward and downward
atmospheric transmission; S,,, is the spherical abedo of the atmosphere; 1 = cos(8) and
U, = cos(8), where 8, and g, are solar zenith and viewing zenith angles; and @is the relative
azimuth angle. T, is the gaseous transmission for the solar radiation with H,0, CO,, O,, and O, as

Proa(te 1y 9) = Taltty, 14, ) [ Pron +
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the principal absorbing gases. Other gases, such as CH,, N,O, and CO, are aso taken into
account in radiative transfer models such as 6S. The transmission is a nonlinear function of the
effective amount of absorptive matter in the atmosphere, and depends also on the pressure and
temperature profile. In the following, we will address the spectral properties of gas absorption,
Rayleigh and aerosol scattering, and the coupling of the atmosphere scattering with the non-
Lambertian surface. The 6S model bases its modeling of the atmospheric effects on:

A
IOzone, Stratospheric Aerosols
20 Km
0O, CO,
Trace Gases
8 Km
A
Molecules (Rayleigh Scattering)
2-3Km
H,0, Tropospheric Aerosol
A 4 \ 4

Ground Surface

Figure 9. The atmospheric components affecting the remote sensing signal
in the 0.4-2.5 pym range.

* An accurate approach of the absorption by atmospheric gases.
* A complete treatment of the scattering processes.

* An approximation of the interaction of the above two processes.
3.3.1 Gas Absorption

The most prominent gaseous absorbers in the atmosphere are water vapor (H,0), carbon dioxide
(CO,), oxygen (O,), ozone (O,), methane (CH,), nitrous oxide (N,O), and carbon monoxide (CO).
Gaseous absorption in the solar spectrum is displayed in, which shows that: (1) H,O
exhibits absorption for wavelengths greater than 0.6 um and gets stronger for wavelengths
greater than 0.7 um; (2) O, has absorption bands between 0.5-0.67 and is strongest around 0.58
um; (3) CO, absorbs at 1.45 pm, 1.55-1.6 pm, 1.9-2.1 um, and 2.65-2.85 pm; (4) O, absorbs
quite strongly at 0.7 pm and 0.78 pm; (5) N,O exhibits absorption around 2.85-2.95 pm; and (6)
CH, absorbs at 2.2-2.4 pm.
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Only the absorption by H,O, O,, and CO, occur significantly within VIIRS land bands. VIIRS
band 8i (1.61 pm) has some CO, absorption; VIIRS bands 4 (0.555 pm) and 5i (0.645 pum)
include O, and H,0O absorption; and band 6i (0.865 um) contains a slight amount of H,O
absorption.

The incoming solar radiation is not strong at VIIRS band 8i, however it is an important band for
discrimination of snow from clouds or other surface types. On the other hand, the absorption in
this band is minimal, and CO2 is sufficiently well-mixed to effect negligible variability in TOA
radiances at these wavelengths. We will therefore skip analysis of uncertainty of CO, input for
the Surface Reflectance IP algorithm. The major absorption gases considered here are H,O and
O..

3.3.2 Rayleigh and Aerosol Scattering

shows the optical properties of different aerosols, including stratospheric aerosol,
maritime aerosol, desertic aerosol, biomass aerosol, continental aerosol, and urban aerosol. The
locations of nine sample remote sensing bands, both from VIIRS and from MODI S, are overlaid
on the plots. As the figure shows, stratospheric, maritime, desertic, and continental aerosols
have high single scattering albedo in the visible and mid-infrared portion of the spectrum, and
urban aerosol has the lowest single scattering albedo. The six types of aerosols have similar
asymmetry in visible and mid-infrared wavelengths, but quite different asymmetry when the
wavelength is greater than 1.5 um. All aerosol types have similar phase functions for scattering.

The molecular scattering properties, their phase functions, the spectral dependence of the optical
thickness, and the depolarization factor are well known and stable. However, the aerosol
scattering properties are variable (Vermote et al., 1997). For a given aerosol model, the phase
function and extinction and absorption coefficients have to be computed as a function of the
wavelength. The optical properties of each spherical particle, as well as the size distribution of
the particles, are the parameters used in the Mie scattering calculation. The scattering of aerosol
and Rayleigh is approximated by successive order of scattering (SOS).
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Surface Reflectance
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Figure 10. Atmospheric gaseous absorption spectrum. Several sample remote sensing
bands overlaid for reference. Note: band “7” (1.38 um) is purposely located in a water
vapor absor ption band for upper atmospher e utility.
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phase function) of different aerosol types.
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shows the spectral properties of aerosol and molecular Rayleigh scattering, again with
nine sample remote sensing bands overlaid. Both Rayleigh scattering and aerosol spherical
albedo decrease with wavelength, with stronger decreases for Rayleigh scattering. For
wavelengths less than 0.5 um, Rayleigh scattering is greater than aerosol scattering; for
wavelengths greater than 0.5 um, aerosol scattering is greater than Rayleigh scattering. When the
wavelength is greater than 0.75 um, aerosol scattering contributes to the total spherical abedo.
Both the optical depth of aerosols and molecular scattering decrease with wavelength, with a
stronger decrease for molecular scattering than for aerosols. The single scattering albedo of
atmospheric molecules is very high (close to 1), and the single scattering albedo of aerosols is
less than that of Rayleigh scattering. At the altitude of the satellite, the radiance consists of the
following three components:

» Intrinsic atmospheric radiance, after the removal of atmospheric gas absorption, scattered by
the molecules and aerosols in the atmosphere, which is dependent upon the scattering
properties of molecules and aerosols and their optical thicknesses.

* The contribution of the total (direct plus diffuse) solar radiation reflected by the surface and
directly transmitted from the surface to the sensor, which is related to the surface spectral
properties and the atmospheric conditions.

» The contribution of the environment from surrounding areas, which reflects the total (direct
plus diffuse) downward flux, reaching the sensor by scattering; this amount of contribution
depends on atmospheric conditions and the spectral properties of land surfaces.

The radiance at the ground level also consists of three components:

» Thesolar radiance directly transmitted through the atmosphere.

» The diffuse radiance, after gas absorption and scattering by the atmosphere, reaching the
ground.

» The radiance scattered between the atmosphere and the ground.

shows TOA reflectance and transmittance and their components with the change of
wavelength. It shows that for vegetated land surfaces and wavelengths less than 0.52 pm,
atmospheric intrinsic scattering is the magjor contributor to TOA reflectances. For wavelengths
between 0.52 and 0.67 um, the contributions from atmospheric intrinsic scattering and surface
reflectance are comparable. For wavelengths greater than 0.67 um, the surface reflectance is the
major contributor to TOA reflectance, and the contribution from environmental reflectance is
greater than the contribution from atmospheric intrinsic reflectance.

The major contribution from direct transmittance increases with wavelength in the atmospheric
windows. The contribution from atmospheric diffuse transmittance is less than that from direct
transmittance and decreases with wavelength. The contribution from environmental
transmittance isrelatively smaller.
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3.3.3 Coupling of Scattering and Absorption

The transmission resulting from gaseous absorption is calculated exactly in 6S. The transmission
and reflectances from molecules or aerosol scattering are computed by numerical methods. They
are separated when both effects occur simultaneously. Although this separation is appropriate for
ozone, it is not appropriate for water vapor.

The coupling between absorption by water vapor and scattering from aerosols can be important,
as the aerosols and water vapor can be located at the same level in the atmosphere
(2-3 km). 6S cannot handle the problem in a precise way, because the absorption should be
computed along every path after each scattering event. Three cases are considered in 6S. (1)
water vapor above the aerosol layer (maximum absorption i=3 in the following equation); (2)
water vapor under the aerosol layer (minimum absorption i=1 in the following equation); and (3)
an average case where half of the water vapor present in the atmosphere absorbs the aerosol path
radiance (i=2 in the following equation). Equation 1 is modified in 6S as:

13(/'IS’/JV’¢) TOG(/'ISHUV)[pR +(pR+A pR)THZO(gsiev’ H 0)

R+A(IUS)TR+A(IUV),05TH20(9 9 U )] (2)

1 SR+Aps

T, (U, 14,) isthe gaseous absorption for gases other than water vapor, T,"°(6,,6,,—~ 2 Uo)
isthe H,O absorption, and (0., — Q) IS an estimate of the aerosol intrinsic reflectance.
3.3.4 Surface BRDF Effect

For a non-Lambertian surface, the coupling of the atmosphere and the land surface are rather
complicated. The reflectance in the solar spectrum at the TOA is expressed in 6S as:

r T _r _r

pTOA(:us’/Jv’qo) = IOR+A te ﬂve e ps(:us’:uv’qo) te #vtd (:Us)z)-l_e #Std (:uv)F

TR+A (:us )TR+A (:Uv)_SR+A (;) ?
1_ SR+A p

©)

g (Ut (1) P +

where p,p',p ae the surface hemispherical-directional, directional-hemispherical, and
hemispherical-hemispherical (spherical) reflectances (albedo), respectively. The latter terms, aso
called coupling terms, couple the atmospheric radiative transfer with the surface reflectance
properties. They are defined as:

f ’ f Hlgoa(TasTro o, 1, ) Ps (U, 1,90 - @) dpdgy

4
E .E/JLR+A(TA Try Mg, My @) dudg

P, 1y @) =
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(e n, . 0)=pu, u..0) (5)

f fw fps(us, M, @) pp'dp'dgdy
f f ’ f Ui ' dydgdu

0= P (s by ) = @)

where 7, 7, are the Rayleigh and aerosol optica depth and Ly, (T, Tk, Ms, M, @)iS the
downwelling diffuse irradiance with the sun at (.

For given atmosphere optical parameters and estimates of the surface reflectance, the coupling
terms from (5) and (6) can be calculated, allowing atmospherically corrected actual surface
reflectances to be obtained from observed values of p.,, by solving (3). Operationally, initia
estimates of surface reflectances may be taken either from a priori knowledge of surface
reflectance properties or from an independent surface reflectance data product. Surface
reflectance may be computed from a surface BRDF model.

To give more weight to the actual observations than to the estimated surface BRDF used in the
calculation of the coupling terms, Vermote et al. (1997) used the ratio between the estimated

BRDF (") coupled with the atmosphere and the actual surface BRDF (o) to correct the
measured values:

T T T

Pron (U Hyr @) = Pron + € *€ ®p (U, ty, @) + P (U 1, D€ Pty (1) 0

re Pty (U)p" +ty (Ut (1) P W
, TR+ AU TR+ A SR+ A(F)Z]
1- SR+ Ap
where
0 (i, ) = 2 et O) ®)
ps (Ug, 1, P)
0 (e, g, @) = P (U 1y, @) ©)
p*(lus,luv,¢):w (10)

od (U, . D)

The surface reflectance p, can be obtained by solving a (7). In the above approach, only the
shape of the BRDF influences the correction process and not the actua magnitude of the
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estimated BRDF. This approach gives more weight to the actual observation than to the
estimated BRDF.

When the surface is Lambertian, F:7:7:1 and ;=):ps, then (7) issimplified as:

TR+A (/'Is)TR+A(/jv)ps
1= SgpinPs

Proa(Uss Hy @) = Prin (11)

In this case, p, can easily be calculated without a prior estimate of the BRDF.

In our studies, we use both 6S and MODTRANS3.7 for forward modeling, simulating TOA
radiances based on redlistic VIIRS viewing geometry. A lookup table (LUT) generated from
either 6S or MODTRAN3.7 is then used to perform the atmospheric correction in its inversion
mode. We call atmospheric correction with the assumption of a Lambertian surface a
“Lambertian-based atmospheric correction.” Similarly, we call atmospheric correction with the
assumption of a non-Lambertian surface a“ BRDF-based atmospheric correction.”

3.3.5 Surface Elevation Effects

For atarget not at sealevel, (1) ismodified as:

TR+A(:us’ Z()TR+A(:uv’ Z[)pS]

12
1_SR+A(Zt)ps ( )

Proa(Uss Hy, @) =Ty (Us, My, Z)[ Prin(Z) +

The amount of scattering particles above the target (molecules and aerosols) and the amount of
gaseous absorbents are related to the target altitude. Here the topographic data from a digital
elevation model (DEM) is the input; it is used to calculate the atmospheric profile by stripping
out the atmospheric level under target altitude.

The influences of target altitude on T, are gas-dependent. Because the ozone layer is located in
the upper levels of the atmosphere, the O, amount does not depend on target atitude, and
transmission is not affected. On the other hand, as most water vapor is located in the lower
atmosphere, water absorption is heavily affected by target altitude.

The effect of target atitude on molecular optica thickness, 7, is exactly accounted for. 7 is
linearly related to pressure at target level.

3.4 ALGORITHM SENSITIVITY STUDIES

The performance of the Surface Reflectance algorithm is limited by several key error sources,
including the agorithm itself, sensor effects, atmospheric effects, and coupling of the
atmosphere and surface BRDF. The atmospheric effects include aerosol and Rayleigh scattering,
gaseous absorption, and thermodynamic conditions. The majority of the error for the VIIRS
Surface Reflectance IP comes from uncertainties in the aerosol properties. The primary sensor
effect is calibration error. Sensor noise is not a significant issue for most of the VIIRS bands with
regard to surface reflectance retrievals.
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The following error sources have been identified and will be detailed in the following
subsections:

1) LUT Interpolation

2) Forward Modeling

3) Aerosol Optical Thickness

4) Aerosol Type

5) Column Ozone

6) Precipitable Water

7) Temperature Profile

8) Surface Pressure Retrieval/Rayleigh Scattering

9) BRDF Coupling

10) Cloud Mask

11) Sensor Noise

12) Sensor Calibration
Other errors exist, however most are negligible in comparison with a few key sources listed
above, notably aerosols and calibration. Sensor modulation transfer function (MTF) errors can
be significant over heterogeneous surfaces, however these are difficult to quantify on a global

basis, and they will be deferred to the ATBDs for the downstream products such as the
Vegetation Index EDR.

There are no explicit quality requirements on the Surface Reflectance IP in the VIIRS SRD. We
have, however, derived performance estimates for surface reflectance retrievals to assist in the
error budgeting for the VIIRS EDRs requiring this product as an input. Following the SRD, we
have estimated performance in terms of three metrics. accuracy, precision, and uncertainty.
Consider asingle true value T, the estimated values are X; of T, wherei = 1, N, the accuracy for
Tis

A=|u-T| (13)

where u = %ZL X, . The accuracy can be termed as a bias and is a direct comparison between

the measurement X; and thetruevalueT.

For asingle value of truth, the precision is defined as the standard deviation of the measurement:
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P={N%1§fo1oﬂ; (14)

i=1
The calculation of the precision as defined is independent of the true value T.
The uncertainty U is defined as:
1 & 2 1
U—> (X -T) |= 15
{N_lg( . )L (15)

The uncertainty is therefore akin to a root mean square (RMS) error between the estimated X;
and thetruevaue T.

For variable truth data sets, the practical implementation of the definition on accuracy, precision,
and uncertainty is to bin the possible values of T into small ranges which are large enough to
provide a statistically significant number of test points.

The definitions of accuracy, precision and uncertainty in this case are:

A=[u - uT], (16)

U=l -y (1)

N -173
Pt =(uz-p2)'?, (18)
where T; is the true value corresponding to the measurements X;,.

The results discussed in the following sections emerged from two main sets of simulations:

1) Scene simulations using Terrain Categorization (TERCAT) scenes based on Landsat TM
imagery

2) “Stick modeling” simulations that deal with the radiative transfer for a single linear path
through the atmosphere

In both cases, MODTRANS3.7 was the primary forward model used.

| PO-Supplied TERCAT Scenes

A limited degree of end to end testing was conducted using 1PO-supplied TERCAT scenes. In
particular, extracts from three scenes were investigated by the land team: Amazon, Olympic
Peninsula, and Bangladesh. Results from the Amazon scene are deferred to the V egetation Index
ATBD. The other two scenes are shown in Figure 14|and[Figure 15}
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Figure 14. Classification map of the Bangladesh scene. Mostly forest (green), bare soil
(sandy color), clouds (white), and water (blue). Boxes indicate subscenes for which
sensitivity studies were conducted.
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Figure 15. Classification map of the Olympic Peninsula scene. Very heterogeneous, with
vegetation (green), water (blue), urban (red), and small amount of snow (white). Boxes
indicate subscenes for which sensitivity studies wer e conducted.

Each TERCAT scene was handled in the following manner.

The TERCAT classification maps at 50-m resolution were converted to VIIRS surface spectra
reflectances via the NPOESS spectral library, which includes data originating from the ASTER
spectral library. These reflectances were used as inputs to forward modeling using MODTRAN
3.7. The surface reflectances and the independently supplied surface temperature map were
aggregated to produce “truth” for surface reflectance, abedo, vegetation indices, and surface
temperature. The dominant class in an aggregated VIIRS-sized pixel was chosen as truth for
surface type.
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For atmospheric effects, the MODTRAN midlatitude summer profile was used. Rural aerosols
were applied, with aerosol optical thickness being spatially discretized into several image-wide
bands ranging from approximately 0.2 to 0.8. Realistic viewing and solar geometry were applied
using the SDP toolkit as though the data were obtained from a segment of a VIIRS swath.

The result of the forward modeling was a 50-m resolution map of top of atmosphere (TOA)
radiances. These TOA radiances were spectrally integrated using a tophat response function
with 100% transmittance, creating 16 VIIRS spectral bands for use by EDR agorithms. MTF
blurring, sensor noise, and calibration errors were sequentially simulated as described in Hucks
(1998). The output of this process was a simulated set of measured TOA radiances.

The retrieval pipeline started with cloud masking, followed by aerosol retrievals. Finadly,
various surface products were retrieved and compared with the truth. For Land EDRs and
intermediate products (IPs), this included Surface Reflectance, Vegetation Index, Surface
Albedo, and Surface Type.

Since the TERCAT scenes provided only a limited range of atmospheric and geometric
conditions, the results of this processing were primarily used to confirm the MTF and BBR
errors suggested from the Landsat TM simulations. The magnitude of the effects was similar
between data sets for both error sources. MTF and BBR errors are discussed in detail in the
Vegetation Index ATBD; they will not be considered in this document. Some results of aerosol,
gaseous absorption, and temperature/pressure sensitivities presented here were derived from the
TERCAT scene simulations.

Stick M odeling

The magjority of the performance stratification work presented in the VIIRS Verification and
Validation Plan is based upon a large ensemble of stick model simulations; the dimensions of
this data set are summarized in

Table 4. Summary of dimensionsfor Land EDR " stick modeling” data set.

Parameter # Different Values Range

Surface Type 10 Coniferous forest, deciduous forest,
shrub, grass, crops, urban, snow,
bare soil, desert sand, water

Solar Zenith 8 0-70 degrees
Scan Angle 7 0-60 degrees
Relative Azimuth 5 0-180 degrees
Aerosol Type 4 Urban, rural, de§§rt, LOWTRAN
maritime
Aerosol Optical Thickness 5 0.1-05

All forward modeling was conducted using MODTRAN 3.7, with a midlatitude summer profile.
It was not deemed necessary to vary the profile, as water vapor, temperature, and ozone effects
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are much smaller than the effects of aerosols in the VIIRS bands used for reflectance-based land
EDRs.

The output of each stick model simulation consisted of a true broadband surface abedo, true
TOA reflectances in nine spectral bands, and true surface reflectances in nine spectral bands.
The bands are summarized in Table 3. The true reflectances were used to generated true values
of NDVI and EV1 at both top of canopy (TOC) and top of atmosphere (TOA).

3.4.1 LUT Interpolation

Since the Surface Reflectance algorithm is afinite LUT, calculations of surface reflectance will
incur errors from interpol ation between LUT elements. [Figure 16]shows the effects for several
VIIRS bands, based on simulations with the Olympic Peninsula TERCAT scene. In general, the
errors are very small. Where the errors become larger, the solution is straightforward; the LUT
can be given finer resolution to make all interpolation errors negligible.
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Figure 16. Interpolation error asa function of reflectance for several VIIRS bands, based
on simulations with the Olympic TERCAT scene.
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3.4.2 Forward Modeling

Any forward radiative transfer model will be an approximation to reality. Since the generation
of acomplete LUT for surface reflectance retrievals requires the use of a forward model in order
to properly fill the necessary dimensions, a LUT-based surface reflectance algorithm will incur
errors from the discrepancies between the model and a real atmosphere. For reflectance-based
EDRs using window channels as on VIIRS, forward modeling error is primarily a measure of
how well the model mimics the behaviors of aerosols. A global value of 3% in TOA radianceis
alocated in the error budget, based upon the MODTRAN documentation (Kneizys et al, 1996).

As another means of investigating the effects of forward model error, we ran MODTRAN 3.7 in
various atmospheric conditions, solar and viewing geometries to calculate the TOA radiance
using a mid-latitude summer atmospheric model and a continental aerosol model. 6S was then
used to retrieve surface reflectance under the same atmospheric conditions. Retrieved errors of
surface reflectances over different land surfaces using MODTRAN 3.7 in the forward simulation
and 6S in the retrieval are shown in[Figure 17. The indices for the surface types in[Figure 17]are
listed in below. The results presented here suggest that errors in the retrieved surface
reflectance using different forward and backward models range from 0.0 to 0.033 over different
land surface types. The largest errors are in the shortest wavelength VIIRS bands. The smallest
are in VIIRS bands 5 and 6, with a relatively larger error for mixed shrub/scrub land surface,
which isrelatively dark. These numberslend credence to the initial error budget allocation.

Table5. Surfacetypesconsidered for theresultsof the forward model error simulations.

Number Surface Type
1 Developed-High Intensity
2 Developed-Low Intensity
3 Cropland
4 Grassland
5 Deciduous Forest
6 Evergreen Forest
7 Mixed Forest
8 Mixed Shrub/Scrub
9 Palustrine Forest
10 Estuarine Emergent Wetland
11 Palustrine Emergent Wetland
12 Tidal Flats
13 Exposed Land (Bare Soil+Sand)
14 Water
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Figure 17. Surface reflectance errors for 14 land surfaces (see [Table 5) using
MODTRAN3.7 forward and 6S backward. First column shows surface spectra, second
column shows absolute errors, third column shows relative errors. Bands 1 through 6
correspond tofirst 6 bandsin(Table 3
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3.4.3 Aerosol Optical Thickness

Figure 18 and|Figure 19 show the errors in surface reflectance encountered when the spec error
for the Aerosol Optical Thickness EDR is applied to the input aerosol data, for the Bangladesh
and Olympic Peninsula TERCAT scenes, respectively. In both cases, the shortwave bands are the
most heavily impacted. This is to be expected, as aerosols have stronger scattering effects on
short wavelengths. Bands in the shortwave infrared (SWIR) are affected to a much smaller
degree.
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Figure 18. Accuracy (dotted), precision (dashed), and uncertainty (solid) in surface
reflectance for 10 VIIRS bands due to spec errors in aerosol optical thickness, for the
Bangladesh TERCAT scene.
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3.4.4 Aerosol Type

Different aerosol models exhibit different phase functions and single scattering albedo, which
can ater the effects of a single value of aerosol optical thickness from one type to another.
shows the errors introduced by the misclassification of aerosol type before use of the
surface reflectance LUT, with continental aerosols as the base type. The differences are
noticeable for all misclassifications; the largest errors arise from the differences between the
urban model (model #3) and other types available in 6S.

Aerosol type will be operationally reported along with Aerosol Optical Thickness for VIIRS,
however this too will include some errors. Errorsin aerosol type retrieval will be quite rare; the
wealth of spectral information in the VIIRS bands, combined with the value of the optical
thickness retrieval, will make misclassification an uncommon event. Additionally, when an error
is made, it will be because two aerosol types are very similar, meaning their effects on TOA
radiance will also be very similar, and therefore the error propagated into the surface reflectance
LUT should be minimal. Since thisis a small error occurring a small percentage of the time, it
can be considered statistically negligible in the spirit of the SRD definitions of accuracy,
precision, and uncertainty.
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Figure 20. Differencesin surfacereflectance retrieval caused by misclassification of aerosol
type. Column 1 shows TOA reflectance over different land surfaces using the continental
aerosol model with AOT=0.4 (rather high). Column 2 shows the differences between
retrieved and true surfacereflectance resulting from the misclassification.
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3.45 Column Ozone

Errors in the total column ozone lead to errors in retrieved surface reflectances. To investigate
the magnitude of these errors, we ran 6S in a forward mode using the mid-latitude summer
atmospheric model and the continental aerosol model with varying aerosol optical thickness. We
then ran the backward mode of 6S with an error of £15 Dobson units in the total column ozone
(OMPS threshold) to retrieve the surface reflectances. In all cases, including snow, we found the
errors in surface reflectance to be less than 0.003. Column ozone can therefore be considered a
negligible source of error.

3.4.6 Precipitable Water Retrieval

Errorsin theretrieval of precipitable water can also lead to errors in surface reflectance. In order
to quantify this effect, the 6S model was run in a forward mode using the mid-latitude summer
atmospheric model and the continental aerosol model with different aerosol optical thicknesses;
then the backward mode of 6S was run with an input of 10 percent error in the total precipitable
water column (CMIS threshold) to retrieve the surface reflectances. Again, the errors were
consistently less than 0.003 in surface reflectance. Precipitable water can therefore be considered
anegligible source of error. This and the results for column ozone should not be surprising; the
VIIRS reflective bands were chosen in atmospheric windows to avoid absorption features.

3.4.7 Temperature Variations

To investigate the effects of different atmospheres, i.e.,, changes in the vertical profile of
temperature, the 6S model in a forward mode was run using the mid-latitude summer
atmospheric model and the continental aerosol model with different AOT. Then the backward
mode of 6S was run with error of £ 1 K in the temperature profile to retrieve the surface
reflectances. The results were perturbations of less than 0.001 in the surface reflectance for the
shortest wavelength bands (blue and green), and virtually no error in the longer wavelength
bands. Temperature is therefore considered a negligible error for surface reflectance.

3.4.8 Surface Pressure

Variations in atmospheric pressure, particularly near the Earth’s surface, can have significant
effects on the behavior of Rayleigh scattering through the vertical distribution of molecules. In
order to analyze the uncertainty stemming from this effect, the 6S model was run in a forward
mode using the mid-latitude summer atmospheric model and the continental aerosol model with
different values of aerosol optical thickness. Then the backward mode of 6S was run with an
error of pressure of + 1 percent to retrieve the surface reflectances. The resulting errors were on
the same order as those for gaseous absorption by ozone and water vapor, consistently below
0.003 reflectance units. Surface pressure is therefore considered a negligible source of error.

3.4.9 BRDF Coupling

The land surface reflects solar radiation anisotropically. This anisotropy leads to bowl-shaped
distribution of surface reflectance in the solar principal plane, with a strong reflectance—the
hotspot—where the solar and viewing directions are coincident. A bi-directional reflectance
distribution function (BRDF) can been used to describe the anisotropy of the surface. For a
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Lambertian surface, i.e., a surface that scatters light isotropically, radiative interactions between
the atmosphere and its background can be built up rapidly in a geometric (doubling) manner, but
an anisotropic land surface leads to a very complicated coupling between the atmosphere and the
background surface. Failure to account for the surface BRDF effects in atmospheric correction
can lead to significant errorsin surface reflectance retrieval (L ee and Kaufman, 1986).

Severa numerical radiative transfer models that make use of matrix operators, Gauss-Seidel,
successive orders of scattering, and discrete ordinates methods have been developed for solving
the coupling between the atmosphere and its lower boundary (Vermote et al., 1997). Lyapustin
(1998) uses spherical harmonics to model the coupling of the atmosphere and the non-
Lambertian land surface. In this study, we employ the approach used in 6S, i.e., the Successive
Orders of Scattering Method, to solve the radiative transfer equation in the atmosphere (Vermote
et al., 1997).

In the following, we analyze the effect of a non-Lambertian surface on the retrieval of
bidirectional reflectance of land surfaces from VIIRS measurements. For a full study of this
effect, we need to consider changes in solar zenith angle, aerosol optical thickness (AOT), the
scattering phase function of aerosols, and different land surface types. As a preliminary study,
the following only addresses the effect of a non-Lambertian surface on the TOA reflectance with
different AOT over a conifer forest, and the retrieved error of the surface reflectance with a
Lambertian-based atmospheric correction and a non-Lambertian-based atmospheric correction.
Other factors will be addressed in future revisions of this document.

We ran the forward version of 6S for the coupling of surface BRDF and the atmosphere with
different AOT values over conifer forests at different solar and viewing geometries. A hybrid
geometric-optical and radiative transfer model developed for discontinuous plant canopies (Ni et
al., 1998) was used to generate the surface BRDF. The TOA bidirectional reflectances in the
principal plane and across the principal plane with different AOT values for VIIRS bands 4, 5,
and 6 (555 nm, 645 nm, and 865 nm, respectively) are shown in Figure 21|and Figure 22| The
continental aerosol model and the mid-latitude summer atmosphere were used in the simulations.
The surface BRDF values are aso included in|Figure 21 and |[Figure 22for comparison. The
figures show the following:

» The bidirectional reflectances in the solar principal plane (starred line as shown in the plots)
show a bowl shape with a stronger hotspot at backward scattering. The atmospheric
scattering makes this bowl shape much smoother than it would be without atmospheric
scattering.

* Inthe principa plane, in the visible part of the spectrum (VIIRS bands 4 and 5), the TOA
bidirectional reflectances overestimate the surface BRDF, due to more atmospheric Rayleigh
scattering than absorption. This overestimation is larger with increased viewing zenith angles
and even stronger in forward scattering than backward scattering due to the stronger forward
scattering peak of aerosol particles. This effect increases in strength with the increase of solar
and viewing zenith angles due to increased path length.

* In the near-infrared wavelengths (VIIRS band 6), the algorithm overestimates the surface
reflectance in the forward scattering direction due to stronger forward scattering of aerosols
and lower surface reflectances, leading to an atmospheric scattering effect that is a stronger
than the absorption effect. Meanwhile, the algorithm underestimates the surface reflectances
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in the backward scattering direction due to larger-surface reflectance and an atmospheric
absorption effect that is stronger than the scattering effect.

In the cross-principal plane, in VIIRS bands 4 and 5, atmospheric scattering causes an
overestimation of the surface reflectances at solar zenith angles of 30° and 60°. In VIIRS
band 6, at a solar zenith angle of 30 degrees, atmospheric scattering has virtually no effect on
the surface reflectance, because atmospheric scattering and the absorption effect on the
surface reflectance counterbalance each other. On the other hand, at a solar zenith angle of
60°, atmospheric scattering increases the surface scattering.

A comparison of [Figure 21 and| Figure 22 shows that the atmospheric effect on surface
reflectance intensifies with an increase of solar zenith angle due to the larger path lengths
created.

We ran the Lambertian-based inverted version of 6S to retrieve the surface BRDF with the same
atmospheric conditions as used in the forward TOA reflectance simulation. Figures 30 and 31
show the comparison of the retrieved and true bidirectional surface reflectances at solar zenith
angles of 30 degrees and 60 degrees in the principal and cross-principal planes for VIIRS bands
4,5, and 6. They show that:

The retrieved bidirectional surface reflectances exhibit the bowl shape with a hotspot at
backward scattering; in forward scattering the overestimations are not as strong.

The correction does not fully correct the coupling of surface BRDF and the atmosphere. This
correction isless desirable with increase of AOT.

A comparison of |Figure 23 and Figure 24 shows that this type of correction is less desirable
with the increase of solar zenith angle.

The BRDF-based atmospheric correction was aso run to retrieve the surface reflectance. The
resulting comparison of the retrieved and true surface bidirectional reflectances is shown in

[Figure 25 and|Figure 2G. The results show significant improvements, but not perfection. The

performance again degrades somewhat with the increase of AOT.
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Figure 21. Comparison between surface (lines with *) and TOA (lines without *)
bidirectional reflectance from 6S, in the principal plane (left) and the cross-principal plane
(right) for VIIRS bands 4, 5, and 6 at 30 degree solar zenith angle with varying aerosol
optical thickness. AP standsfor “across principal plane;” PP standsfor “principal plane.”
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Figure 23. True (lineswith *) and retrieved (lines without *) surface reflectances from 6S,
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(right) planes, for VIIRS bands 4, 5, and 6 at a solar zenith of 30 degraerosol optical
thickness. AP standsfor “across principal plane;” PP standsfor “principal plane.”
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Figure 25. True (lineswith *) and retrieved (lines without *) surface reflectances from 6S,
using non-Lambertian-based atmospheric correction, in the principal (left) and cross-
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3.4.10 Cloud Mask Retrieval

The VIIRS software modules have not yet been comprehensively linked to allow a quantitative
statistical determination of cloud mask errors in the spirit of the accuracy, precision, and
uncertainty metrics as defined by the VIIRS SRD. The error is considered negligible, however,
by the following reasoning.

The VIIRS Cloud Mask will screen out most cloudy pixels. Occasionally, however, the cloud
mask will fail to detect a cloud, and in these instances the surface reflectance will incur an error.
This error will tend to be small, because if it were not, the Cloud Mask would have flagged the
cloud. Current performance appears to be on the order of 98% detection of clouds as clouds.
This, combined with the small errors incurred for misclassification, leads to a conclusion that
cloud mask error on a global statistical sense will be negligible compared to other error sources
in surface reflectance retrievals.

3.4.11 Sensor Noise

Santa Barbara Remote Sensing (SBRS) constructed a smplified model of the VIIRS sensor that
simulates various levels of noise for single pixel retrievals. This model is described in detail in
Hucks (1998a). The model describes the sensor noise as afunction of TOA radiance, Ltoa as,

0 =0l + B (19

where Ltoa is the TOA radiance, and ¢ is the standard deviation of the total sensor noise,
assuming a Gaussian distribution. Although this assumption breaks down for very low radiances,
it was deemed a sufficiently accurate approximation for ssmulations. @ and 3 are two constants
for a given level of sensor noise. We applied these constants as supplied by SBRS for a spec
level of sensor noise in the appropriate bands, and for most bands the resulting errors were
negligible, on the order of 0.005 reflectance units or less. The only band significantly affected by
sensor noise is band 8i, an imagery-resolution band in a region of the spectrum where the solar
signal is quite low. Aggregation of this band to moderate resolution, however, cuts the noise in
half and renders the band sufficiently sensitive for use by the appropriate algorithms. For snow
cover applications, aggregation is not necessary to provide the necessary level of performance.

3.4.12 Sensor Calibration

The spec level of 2% calibration error was applied to TOA radiances in our sensitivity studies to
determine the magnitude of calibration effects on surface reflectance retrievals. The results for
the Olympic Peninsula scene are shown in
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Figure 27. Accuracy (dotted), precision (dashed), and uncertainty (solid) in surface
reflectance for ten VIIRS bands, dueto calibration error of 2%.
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3.4.13 Total Performance Stratification

To arrive at a total measure of performance for surface reflectance, stick models were generated
as described at the beginning of Section 3.4. The results of the previous twelve sections were
used to allocate errors due to temperature, pressure, ozone, water vapor, and forward modeling.
Aerosol retrievals were simulated by adding the spec errors for the Aerosol Optical Thickness
EDR to the true aerosol values. Calibration biases both up and down were considered, and the
sensor specification and predicted performance for both noise and calibration were used to
generate the results, which are summarized in Figures 28 through 36, for the nine VIIRS bands
over which surface reflectance will be retrieved. The results are stratified by surface type, solar
zenith, and viewing zenith (nadir versus edge of scan). These plots form the basis for the system
specification for the Surface Reflectance IP.
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Figure 28. Stratified spec and predicted performance
of the Surface Reflectance | P, at 412 nm.
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Figure 29. Stratified spec and predicted performance
of the Surface Reflectance | P, at 445 nm.
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Figure 30. Stratified spec and predicted performance
of the Surface Reflectance | P, at 488 nm.
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Figure 31. Stratified spec and predicted performance
of the Surface Reflectance | P, at 555 nm.
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Figure 32. Stratified spec and predicted performance
of the Surface Reflectance | P, at 645 nm.
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Figure 33. Stratified spec and predicted performance
of the Surface Reflectance | P, at 865 nm.

SBRS Document #: Y2411

Raytheon



NPOESS COMPETITION SENSTIVE

Surface Reflectance

0.080

0.070

0.060

0.050

0.030

Reflectance Error

0.020

0.010

0.000

Conif Decid

Surface Reflectance @ 1240 nm
Solar Zenith = 30 degrees

0.040 >\</><\

Shrub Grass Crops Urban Snow Soil Desert Water

Surface Type

0.080

0.070

0.060

0.050

0.040

0.030

Reflectance Error

0.020

0.010

0.000
Conif

Decid

Surface Reflectance @ 1240 nm
Solar Zenith = 70 degrees

Shrub Grass Crops Urban Snow Soil Desert Water

Surface Type

Figure 34. Stratified spec and predicted performance
of the Surface Reflectance | P, at 1240 nm.

Raytheon

SBRS Document #: Y2411

55



Surface Reflectance

NPOESS COMPETITION SENSTIVE

Reflectance Error

0.060

0.050

0.040

0.030

0.020

0.010

0.000

Conif

Surface Reflectance @ 1610 nm Imaging
Solar Zenith = 30 degrees

Decid Shrub Grass Crops Urban Snow Soil Desert Water

Surface Type

Reflectance Error

0.060

0.050

0.040

0.030

0.020

0.010

0.000

Conif

Surface Reflectance @ 1610 nm Imaging
Solar Zenith = 70 degrees

Decid Shrub Grass Crops Urban Snow Soil Desert Water

Surface Type

Figure 35. Stratified spec and predicted performance
of the Surface Reflectance | P, at 1610 nm.
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Figure 36. Stratified spec and predicted performance of the Surface Reflectance IP, at
2250 nm.
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3.5 PRACTICAL CONSIDERATIONS
3.5.1 Numerical Computation Considerations
Paragraph SRDV3.2.1.5.4-1 of the VIIRS SRD states the following:

“The scientific SDR and EDR algorithms delivered by the VIIRS contractor shall be convertible
into operational code that is compatible with a 20 minute maximum processing time at either the
DoD Centrals or DoD field terminals for the conversion of al pertinent RDRs into all required
EDRs for the site or terminal, including those based wholly or in part on data from other sensor
suites.”

RDR here stands for Raw Data Record. This essentially means that any and all EDRs must be
completely processed from VIIRS raw data, including calibration and georeferencing within 20
minutes from the time afull orbit of raw data are available. This requirement is a strong reminder
that VIIRS is an operationa instrument.

For the Surface Reflectance IP, the challenges posed by the SRD time requirement are minimal.
Application of the LUT will merely require the use of advanced programming techniques to
minimize search time and 1/0.

3.5.2 Programming and Procedural Considerations

Numerical computation load and complexity of operational code are typically rather well
correlated. More intensive algorithms will generally be manifested in larger and more intricate
source code. The code itself can have a significant impact on numerical computation load if it is
not developed efficiently. The Surface Reflectance IP is not expected to cause many problemsin
thisregard. The MODIS heritage will allow for the implementation of a low-risk, efficient LUT;
the primary requirement will be for sufficient memory or storage to hold the LUT at processing
time.

3.5.3 Configuration of Retrievals

The primary adjustable parameters for the retrieval of the Surface Reflectance IP are those which
govern the overal dtratification with respect to the expected quality of the output. These
parameters are summarized in

Table 6. Configuration of parametersfor Surface Reflectanceretrievals.

Symbol Description Current Value
Boques Solar zenith angle at which retrievals flagged as questionable 60°
Bomax Maximum allowable solar zenith angle 70°
feques Threshold cloud fraction within HCS beyond which retrievals become 0%

flagged as questionable (probably clear will be processed along with
definitely clear, but flagged)

femax Maximum allowable cloud fraction within HCS 50%

AOTmax Maximum allowable aerosol optical thickness to be determined
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3.5.4 Quality Assessment and Diagnostics

Operationally, quality control is automated for the Surface Reflectance IP, using the constraint
parameters presented in[Table §. In order to ensure a high level of quality in the product, it is
necessary to periodically perform manual inspections of both the input data and the processing
scheme. The VIIRS team will use a variety of inputs to this process, including but not limited to
surface-generated maps of vegetation cover, abedo, aerial photography and remote sensing of
vegetation, data from other sensors, and statistical analyses.

The output of the Surface Reflectance IP is accompanied by the Land Quality Control Flag data,
which include annotations concerning viewing/solar geometry, cloud cover, and genera aerosol
information.

3.5.5 Exception Handling

There are a number of situations encountered in practice that will preclude the accurate retrieval
of the Surface Reflectance IP. In some instances, the degradation in accuracy is sufficiently small
that the products are reported regardless. At other times, the degradation is high enough that
retrieval becomes counterproductive. summarizes the sources of exceptions for Surface
Reflectance product generations, along with a brief description of the strategy for dealing with
each source. If any of these sources is present as a significant contributor to the degradation in
the product, the user will be notified via a corresponding flag in the quality control layer. The
flags will be sufficiently categorized to clearly indicate the suspected source or sources of
degradation for a given pixel.

Table 7. Exception sources and mitigation strategiesfor Surface Reflectanceretrievals.

Exception Source Strategy
AOT beyond AOTmax Report, flag as obscured
Pixel flagged as probably cloudy or definitely cloudy Don't report, flag as missing
Pixel flagged as probably clear Report, flag as questionable
Solar zenith angle between Bogues and Bomax Report, flag as questionable
Solar zenith angle higher than Bomax Don't report, flag as nighttime
Geolocation unavailable or unreliable Report, flag as unregistered

3.6 ALGORITHM VALIDATION
3.6.1 Introduction

Validation requires detailed knowledge of the relationship between measurables and geophysical
guantities of interest over the full range of possible conditions. Pre-launch activities include
determination of agorithms and characterization of uncertainties resulting from
parameterizations and their algorithmic implementation. Post-launch activities include
refinement of algorithms and uncertainty estimates based on near-direct comparisons with
correlative data and selected, controlled analyses.
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3.6.2 Pre-Launch Algorithm Test/Development Activities

The pre-launch validation will be performed by using MODIS data primarily, as the spectral
bands are very similar and in many cases identical to those for VIIRS, and the algorithm is the
same as well. The MODIS validation infrastructure, combined with international cooperative
efforts such as LTER and GTER, will allow for rigorous validation without high cost or risk.
Existing data sets have already played arole and will continue to do so; an example would be the
AVHRR and Thematic Mapper (TM) data collected in the boreal ecosystem-atmosphere study
(BOREAY) to retrieve surface reflectances. The atmospheric inputs can be obtained from in situ
measurements made during the field campaign of BOREAS. For example, AOT can be obtained
from sun-photometer observations made by AERONET; the atmospheric conditions will be
obtained from other in situ measurements or climatological data sets. By comparing those
retrieved surface reflectances with other multi-angular airborne measurements (POLDER,
ASAS), PARABOLA measurements, and albedo measurements, we will address the accuracy,
uncertainty, and precision of the retrieved surface reflectances at different cases, eg., ther
dependencies on the angular sampling, surface conditions, and seasonal changes (for example,
snow and no-snow background conditions).
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4.0 ASSUMPTIONS AND LIMITATIONS

4.1 ASSUMPTIONS
This ATBD has included the following assumptions:

1. The applicability and validity of 6S and MODTRAN across the range of operationally
defined solar zenith and viewing zenith limits

2. Theavailability of necessary non-VIIRS input data for operational retrievals

3. The availability of an aerosol climatology where aerosol retrievals cannot be performed
directly over alarge region

42 LIMITATIONS

Under conditions of extreme aerosol |oading, such as that associated with biomass burning, local
volcanic eruptions, or other similar events, performance is not guaranteed.
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